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ANALYSIS OF A BYPASS A I R  CONTROL SYSTEM FOR A 

SUPERSONIC MUCED -COM€"SSION INLET 

By S tua r t  C .  Brown 

A m e s  Research Center 

SUMMARY 

An invest igat ion was  made of the  cont ro l  system parameters f o r  an example 
bypass a i r  flow cont ro l  system f o r  a simulated supersonic mixed-compression 
i n l e t .  The engine i n l e t  was simulated through use of an analog computer; t he  
flow nonl inear i t ies  considered w e r e  obtained from wind-tunnel tes ts .  

A c r i t e r i o n  w a s  developed f o r  determining cont ro l  system parameters , 
including e f f e c t s  of pressure s igna l  location, for a given i n l e t .  The c r i t e -  
r ion  consisted of t he  determination of the maximum control lable  engine d i s t u r -  
bance ra te  subject  t o  a t i m e  domain s t a b i l i t y  aons t ra in t .  This constraint ,  
based on the response of the  control led system t o  i n i t i a l  e r rors ,  w a s  su i tab le  
f o r  use with typical pressure s igna l  nonl inear i t ies  including asymmetrical 
ones. Ef fec ts  of  var ia t ions  i n  the  s t a b i l i t y  constraint  on the  desired s igna l  
shape f o r  a predetermined combination of l i n e a r  system dynamics were obtained. 

Effects  of t yp ica l  s t a t i c  pressure var ia t ions  a t  d i f f e ren t  locat ions i n  
the i n l e t  when used as cont ro l  s igna ls  were invest igated.  The departure from 
steady-state  nonl inear i ty  f o r  the  example s igna ls  downstream of the terminal  
shock wave tended t o  be i n  the opposite d i rec t ion  from the previously de te r -  
mined "desired" var ia t ion .  The a b i l i t y  of an asymmetrical on-off system t o  
cont ro l  disturbances w a s  a l so  invest igated.  (A l a rge r  on-value was  used t o  
correct  disturbances t h a t  tended t o  u n s t a r t  the i n l e t . )  

An invest igat ion w a s  a l so  made with a l inear ized  i n l e t  representat ion of 
e f f e c t s  of d i f f e ren t  longi tudinal  s igna l  locat ions and of var ia t ions  i n  the  
dynamics of t he  associated con t ro l  system components. For the  cont ro l  of 
engine disturbances, the pressure s igna l  locat ion near t he  a f t  end of the  
i n l e t  w a s  b e s t .  However, because of the  influence of t he  remaining dynamics 
i n  t he  system, the improvement i n  the  a b i l i t y  t o  cont ro l  disturbances was  only 
moderate. 

The response of the  l inear ized  control led i n l e t  system t o  a s t a t i s t i c a l l y  
described longi tudinal  gust  disturbance w a s  calculated.  The r e s u l t s  showed 
t h a t  the cont ro l  system requirements f o r  the  gust disturbance w e r e  less 
s t r ingent  than those f o r  engine disturbances.  



INTRODUCTION 

Important aspects  of the design of an airbreathing-engine i n l e t  which 
operated above M = 2.2 are the var iable  geometry requirements and the  associ-  
ated control  systems needed (refs. 1-6). 
(below approximately M = 2.2) ,  an ex terna l  compression i n l e t  i s  reasonably 
e f f i c i e n t ;  the  flow i s  compressed through a s e r i e s  of oblique shock waves plus 
a normal shock wave outside the  duct. A t  speeds grea te r  than M = 2.2, the  
advantages of a mixed-compression i n l e t  become s igni f icant .  For t h i s  i n l e t ,  
the  f i n a l  compression takes place within t h e  duct and terminates by a normal 
shock wave j u s t  downstream of the  i n l e t  t h roa t .  The flow i n  t h i s  type of 
i n l e t  i s  sens i t ive  t o  operating conditions and hence requires  accurate and 
rapid flow control.  Moreover, a disturbance of su f f i c i en t ly  large magnitude 
w i l l  cause the normal shock t o  be expelled from the  i n l e t ,  and the  i n l e t  t o  
uns t a r t .  The concomitant flow f luc tua t ions  cause a mismatch with the  engine 
f l o w  demands, and a loss of th rus t  u n t i l  t h e  i n l e t  geometry i s  varied i n  the 
proper sequence t o  restart the  i n l e t .  

For moderate supersonic speeds 

For e f f i c i e n t  s t ab le  operation of the  i n l e t ,  two control  systems are 
needed, one t o  control  the  i n l e t  geometry and one t o  control  the  bypass flow. 
Geometry control  i s  needed so  t h a t  the  i n l e t  compression surfaces can be 
varied with supersonic f l i g h t  conditions i n  order t o  obtain e f f i c i e n t  i n l e t  
compression. Since f l i g h t  conditions change f a i r l y  slowly, the response of 
the geometry control  system can be slow. Bypass f l o w  control  i s  needed t o  
match i n l e t  a i r f low to  engine requirements. The bypass control  must have a 
fas t  response t o  cor rec t  any abrupt changes i n  engine flow and prevent an 
i n l e t  uns ta r t .  Because of i t s  fast  response, it may also be used t o  correct  
f o r  high frequency upstream disturbances, such a s  gusts.  The bypass system 
can more readi ly  cont ro l  disturbances when the  bypass flow i s  adjusted t o  posi- 
t i on  the  terminal shock wave fa r the r  downstream from the  th roa t .  
compromise i n  t h i s  adjustment must generally be made since the  f a r t h e r  the 
shock wave i s  posit ioned downstream of the  throa t , in  order t o  decrease the 
l ikelihood of an i n l e t  uns ta r t ,  the  greater  i s  the  loss i n  steady-state 
compression eff ic iency.  

However, a 

The select ion OF pressure s ignals  adequate f o r  the  design of i n l e t  bypass 
control  systems i s  a problem because the s igna l  must adequately describe 
changes i n  flow conditions due t o  disturbances over the f u l l  range of f l i g h t  
Conditions. While i n t u i t i v e l y  it appears that locat lons near the af t  end of  
t he  i n l e t  provide the bes t  s ignals  t o  cont ro l  engine disturbances, these loca- 
t ions  have ce r t a in  disadvantages. The s igna l  gain i s  r e l a t i v e l y  low, so t ha t  
the difference between the operating-point pressure and t h a t  a t  which uns ta r t  
occurs i s  r e l a t ive ly  small. I n  addition, the  operating-point pressure s igna l  
required f o r  d i f f e ren t  f l i g h t  conditions must be known accurately. A t  more 
forward locations,  t he  s ignals  have grea te r  pressure var ia t ions but  may be 
more nonlinear. 

I n  t h i s  report ,  
control  system f o r  a 
A sui table  c r i t e r i o n  

a t ten t ion  w i l l  be directed t o  t h e  synthesis of the  bypass 
representative ax ia l ly  symmetric mixed-compression i n l e t .  
w i l l  be determined f o r  the  evaluation of system 
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parameters including e f f e c t s  of control  s igna l  nonl inear i t ies .  Typical 
e f f ec t s  of pressure s ignals  a t  d i f fe ren t  locat ions and t h e  influence of sev- 
e r a l  control  system parameters on the a b i l i t y  of the  system t o  control  i n t e r -  
n a l  (engine) disturbances will be examined. 
presented on the  e f f ec t  of adding an on-off control  s igna l  t o  a continuous 
s igna l  as w e l l  as the  performance with only an asymmetrical on-off control.  
The use of this la t ter  technique could simplify the  control  system. While the  
emphasis of the report  i s  on the control  of t he  engine disturbances, some 
preliminary r e s u l t s  on e f f e c t s  of s t a t i s t i c a l l y  described external  gust 
disturbances on the  i n l e t  w i l l  a l so  be presented. 

Some r e s u l t s  w i l l  a lso be 

The repre-sentation of t he  i n l e t  dynamics incorporates wind-tunnel tes t  
r e s u l t s  and includes per t inent  nonlinear e f f ec t s .  
the  h?5s l8-  by 7-Foot Supersonic Wind Tunnel and a portion of these r e s u l t s  
was  reported i n  reference 1. The computed r e s u l t s  of the  control  system 
performance were obtained with an analog computer. 

The t e s t s  were conducted i n  

SYMBOLS 

*bP 

M 

N 

NO 

P 

p t  

RIAE 

S 

T t  

g U 

W 

area of bypass opening 

Mach number 

mass flow i n  duct j u s t  forward of bypass opening divided by i n l e t  
capture mass f l o w  

average number of selected magnitude crossings with pos i t ive  slope 
per u n i t  time 

average number of zero crossings with posi t ive slope per u n i t  time 

s t a t i c  pressure 

t o t a l  pressure 

constraint  on degree of s t a b i l i t y ;  value of absolute e r ro r  i n t e g r a l  
a f t e r  f i r s t  zero crossing divided by the value before the  f i r s t  
zero crossing (see Selection of Cri ter ion)  

constraint  on degree of s t a b i l i t y  f o r  on-off system with dead zone 

Laplace transform variable  

t o t a l  temperature 

veloci ty  of longi tudinal  gust 

weight flow r a t e  a t  a longi tudinal  s t a t ion  of the  i n l e t  
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corrected weight flow in  i n l e t  j u s t  ahead of bypass opening, 

Tt/Tt s t  d wr , percent increase from i n l e t  uns t a r t  condition 

(percent super c r i t i c a l )  
't 'tstd 

engine disturbance expressed as incremental corrected weight flow, 
percent supe rc r i t i ca l  

incremental corrected weight flow er ror ,  ac tua l  minus operating 
point value, percent supe rc r i t i ca l  

i n i t i a l  value of corrected weight flow e r r o r  

increment i n  shock wave posi t ion on center  body from value a t  
c r i t i c a l  flow condition, posi t ive i n  downstream direct ion 

increment of ( ) from value a t  operating point  

damping r a t i o  

r a t i o  of t o t a l  pressure at the aft end of  the  i n l e t  t o  free-stream 
t o t  a1 pre s sure 

rms of longi tudinal  gust veloci ty  

rms of shock wave excursion about t he  mean value 

t i m e  delay 

power spectrum of longi tudinal  gust 

frequency 

controlled 

Subscripts 

engine disturbance 

maximum value 

operating point;  desired steady-state operating condition f o r  bypass 
system 

standard or reference value 

uncontrolled 

free-stream condition 

d i f f e ren t i a t ion  with respect t o  t i m e  
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SYSTEM REPRESENTATION 

Byposs - 
Ore'* 

A block diagram representing the  i n l e t  bypass flow control  system t o  be 
analyzed i s  shown i n  f igure  1. The purpose of t he  control  system i s  t o  adjust  
the  i n l e t  a i r f low t o  a desired operating condition by diver t ing a portion 
of the flow through the  bypass. A given command s ignal ,  which i s  a function 
of the  f l i g h t  condition and desired i n l e t  operating condition, i s  sent t o  the 
cont ro l le r .  The cont ro l le r  a l so  receives a s igna l  pressure and divides it by . 
a reference pressure t o  minimize e f f e c t s  on the  s igna l  of changes i n  f l i g h t  
conditions. This s igna l  i s  compared with the command s ignal .  A n y  resu l t ing  
e r ro r  causes a change i n  the  bypass door opening. Thus there  are  changes i n  
the  amount of flow diverted through the bypass opening as w e l l  as i n  the  s ig-  
n a l  pressure and i n  flow conditions throughout the  subsonic port ion of the  
i n l e t .  The i n l e t  flow i s  continuously corrected u n t i l  the  pressure error 
determined by the cont ro l le r  i s  nulled. For e f f i c i e n t  operation of a mixed 
compression in l e t ,  the  i n l e t  flow must be controlled within f a i r l y  precise  
limits, and i n  pa r t i cu la r  an e r r o r  must not be su f f i c i en t ly  large t o  cause an 
i n l e t  uns t a r t .  An e r r o r  i n  the d i rec t ion  opposite t o  t h a t  which results i n  
i n l e t  uns ta r t  a lso must be l imited t o  prevent excessive flow d is tor t ion  and 
mismatch with the engine flow demands. However, t h i s  e r r o r  can be of consid- 
erably greater  magnitude than t h a t  i n  the i n l e t  unstar t ing direct ion.  Hence, 
an analysis must be made of  the maximum e r ro r s  which r e s u l t  with the  
controlled i n l e t  f o r  the expected disturbances t o  the i n l e t .  

Byposs WC 

lineor 
dynomics 

I n l e t  Represent a t  ion and Disturbances 

I n  t h i s  section, t he  form of the  i n l e t  representation f o r  the  subsonic 
port ion of the  s t a r t e d  i n l e t  and a b r i e f  description of the  example i n l e t  w i l l  
be given. A descr ipt ion of the  i n l e t  disturbances t o  be used w i l l  a l so  be 
i n c h  de d . 

I n l e t  representation. - The general  form used t o  represent 
sketch ( a ) ,  i s  an expansion of the  i n l e t  block shown i n  figure 
time h i s to r i e s ,  with the  exception of the s t a t i s t i c a l  averages 
the  gust disturbance, were generated with an analog computer. 

the  i n l e t ,  
1. Pertinent 
obtained f o r  

The disturbances t o  the  i n l e t  are indicated a s  w e l l  as the  separation of 
t he  i n l e t  representation in to  l i n e a r  and nonlinear portions.  Flow 
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disturbances from the engine and bypass opening are summed t o  form the  
perturbed flow i n  the i n l e t  just forward of the  bypass ex i t .  The i n l e t  l i nea r  
dynamics block represents the  dynamics between the  flow at  t h i s  a f t  locat ion 
and a t  a more forward locat ion selected f o r  the cont ro l  s igna l  and also 
the  shock-wave pos i t ion  xs. Except where needed as a cont ro l  signal,  the  xs 
term i s  used only t o  indicate  when an i n l e t  uns t a r t  occurs. A nonlinear func- 
t i on  i s  included on the  output s ide of the i n l e t  l i nea r  dynamics. This 
arrangement follows from the  f a c t  t h a t  the  p r inc ipa l  flow losses  and resu l t ing  
nonl inear i t ies  occur i n  the forward port ion of the  i n l e t .  I n  general, e f f ec t s  
of both the  dynamic terms and the nonl inear i t ies  become grea te r  f o r  the more 
forward cont ro l  s igna l  locat ions (up t o  the  shock-wave pos i t ion) .  

p i  

Corrected weight flow, wc, was selected as a reference parameter t o  
indicate  average f l o w  conditions a t  the longi tudinal  s t a t i o n  j u s t  forward of 
t he  bypass opening. The parameter w a s  expressed a s  percent increase from the  
c r i t i c a l  value a t  which an i n l e t  uns t a r t s .  Although pressure s ignals  could 
have been computed without the  intermediate determination of wc, t h i s  param- 
e t e r  i s  u s e f i l  f o r  evaluating flow e r ro r s  i n  the  bypass region when the  
e f f ec t s  of pressure s ignals  are  compared f o r  d i f f e ren t  locations and when the 
dynamic performance of other  i n l e t s  i s  compared. Moreover, the  parameter i s  
used a s  an e r r o r  quant i ty  f o r  the  s t a b i l i t y  constraint  i n  the  determination of 
control  system values subsequently described. Changes i n  corrected weight 
flow are  proportional t o  changes i n  bypass area f o r  the  steady-state one- 
dimensional flow of a per fec t  f l u i d  because of conservation of mass. 

The bypass l i n e a r  dynamics block i n  sketch ( a )  represents the  flow 
changes, wc, j u s t  forward of the  bypass opening which r e s u l t  from bypass area, 
Abp, changes. Two fac to r s  a f fec t  the  bypass dynamics. F i r s t  i s  the average 
r a t e  at which flow changes a re  d is t r ibu ted  through the  i n l e t  volume and second 
i s  the  possible presence of r e s t r i c t i o n s  on the  flow a f t e r  it leaves the  
bypass opening. For the  range of flow changes investigated,  a l i nea r  
representation of the bypass dynamics i s  adequate. 

Although the  report  i s  primarily concerned with e f f ec t s  of engine 
disturbances, some e f f ec t s  of an external  longi tudinal  gust  are  a lso presented. 
The magnitudes of the  disturbances investigated a re  su f f i c i en t ly  small t h a t  
l i nea r  approximations a re  va l id .  The upstream l inea r  dynamics block i n  
sketch (a) represents the  dynamics between a change i n  veloci ty  immediately i n  
f ron t  of t he  terminal  shock wave and the  subsequent shock-wave motion. 
Because only small changes a re  considered, the  percentage change i n  t h i s  
veloci ty  i s  the same as  the change i n  free-stream veloci ty .  

Example i n l e t . -  The numerical values t o  be used were obtained from wind- 
tunnel tes t  r e s u l t s  f o r  a one-third scale  misymmetric i n l e t  designed f o r  
mixed compression operation a t  M = 3.0 and with a boundary-layer bleed system 
near the  throa t  ( f i g .  2 ) .  The i n l e t  i n t e r n a l  area d i s t r ibu t ion  from the  cowl 
l i p  t o  the bypass e x i t  locat ion is  shown i n  f igure  2(b). A volume aft of the  
i n l e t  was included t o  simulate the  e f f ec t  of an engine on the  i n l e t  dynamics. 
This volume was about twice t h a t  between the  throa t  and bypass opening and 
it extended about 1.6 meters beyond the bypass opening before ex i t ing  t o  the  
tunnel flow. Variations i n  the  per t inent  steady-state i n l e t  flow parameters 
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with percent supercr i t ica1,f low are shown i n  figure 3. The shock-wave 
pos i t ion  curve i s  shown as the  distance downstream from the value f o r  which 
t h e  i n l e t  uns ta r t s .  The pressure recovery curve indicates  the compression 
eff ic iency of t he  i n l e t  and has a d i r ec t  e f f ec t  on engine th rus t  and f u e l  con- 
sumption. The var ia t ion  of the mass flow r a t i o  i s  due t o  changes i n  throa t  
bleed mass flow which also cause var ia t ions i n  a i r c r a f t  drag. 

For the  bypass l i nea r  dynamics (sketch (a) ) , the  following f i rs t  -order 
t r ans fe r  function w a s  obtained by a l i n e a r  curve f i t t i n g  of the  measured 
response of the  pressure (near t he  bypass) t o  a sinusoidal bypass exci ta t ion.  

- -  - 0.107 , percent/cm2 WC 
1 -I- 0.012 s *bP 

While the  re la t ionship  between the  corrected weight flow and the  i n l e t  s t a t i c  
pressure d i s t r ibu t ion  near ~ the  bypass e x i t  w a s  measured only f o r  steady-state 
conditions, the same re la t ionship  between the  two parameters w a s  assumed t o  
hold dynamically for the  frequency range of i n t e r e s t  (i. e., instantaneous 
values of s t a t i c  pressure were assumed t o  indicate  instantaneous values 
of t o t a l  pressure and temperature i n  determining the corrected weight flow. 
Note tha t  since corrected flow i s  an intermediate quantity, any e r ro r s  i n  i t s  
simulation do not a f f ec t  t he  accuracy of the independently determined 
relat ionships  between the i n l e t  input and output quant i t ies .  

The i n l e t  l i nea r  dynamics (sketch (a ) )  also were obtained from measured 
responses t o  s inusoidal  var ia t ions i n  the bypass opening. The steady-state 
(zero memory) nonlinear function ( f i )  between 
s t a t ion  (i), pi, w a s  determined. 
wc and the  function of p i  was matched t o  a l i nea r  dynamic form. For the  
example case, a time delay was used as follows 

wc and the pressure a t  a 
Then thC-measured frequency response between 

The time delay had a maximum value of  0.006 second f o r  pressures near the 
throat  and f o r  the  shock-wave posi t ion.  This form was adequate f o r  describing 
the  example i n l e t  dynamics f o r  the  measured frequency range up t o  30 Hz. A s  
previously mentioned, the pr inc ipa l  nonl inear i t ies  i n  the f l o w  occur near the 
throat  o f  the  i n l e t .  (Signal nonl inear i t ies  w i l l  be shown i n  the Results and 
Discussion Section f o r  pa r t i cu la r  locations and a f i t t e d  pressure 
representation w i l l  be compared with wind-tunnel r e s u l t s .  ) 

Engine disturbances.- The engine, or in te rna l ,  disturbances t o  the  i n l e t  
are  considered t o  be i n  the  form of a corrected weight flow disturbance t o  the  
i n l e t  flow (sketch ( a ) ) .  
quent section, t h e  reference engine disturbance selected w i l l  be a ramp shape. 
This shape w i l l  be r e l a t ed  t o  some predicted engine disturbances f o r  a 
supersonic t ransport  (SST) c l a s s  engine. 

I n  the  performance c r i t e r i o n  described i n  a subse- 

Gust disturbances.- While most of t he  report  i s  concerned with the  
control  of engine disturbances, the  determination of  the  response of the 
resu l t ing  system t o  an ex terna l  s t a t i s t i c a l l y  described gust w i l l  a lso be 
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presented. 
velocity.  (An examination of steady-state flow conditions indicates  t h a t  the 
gust d i rec t ion  which has the grea tes t  tendency t o  uns t a r t  the  i n l e t  i s  a lon- 
g i tud ina l  gust  which tends t o  decrease the a i r  veloci ty  r e l a t ive  t o  the a i r -  
craf t . )  Since measured f l i g h t  data have substant ia ted t h a t  both longitudinal 
and v e r t i c a l  components of gusts have the  same average magnitude f o r  a given 
turbulence condition, r e s u l t s  which have been obtained pr inc ipa l ly  from 
v e r t i c a l  gust  measurements will be used f o r  longi tudinal  gust  values. 

The gust disturbance i s  assumed t o  be only a change i n  the  f l o w  

The motions of the  a i r c r a f t  induced by longi tudinal  gusts would have 
small e f f ec t s  on i n l e t  f l o w  compared with the  gust disturbance i t s e l f .  
the a i r c r a f t  phugoid and short  period modes are affected by longitudinal gusts. 
However, the phugoid mode i s  of su f f i c i en t ly  l o w  frequency t o  have only a 
small e f f e c t  f o r  the  frequency range of  i n t e r e s t  and the  short  period mode i s  
pr inc ipa l ly  v e r t i c a l  r a the r  than horizontal  m t i o n .  Hence, the e f f ec t s  of 
a i r c r a f t  motions w i l l  be neglected i n  the representation of wind veloci ty  
changes r e l a t i v e  t o  t he  i n l e t .  
beyond the scope of t h i s  report ,  i s  the influence of a i r c r a f t  motions on flow 
d i s to r t ion  near the i n l e t .  

Both 

An e f f e c t  t h a t  may be important, but  t h a t  is  

Values of the  power spec t r a l  representation of  longitudinal gusts were 
obtained through the  use of references 7, 8, and 9. 
ence 8 are  pr inc ipa l ly  f o r  lower a l t i t udes  than those of i n t e r e s t  f o r  
cruise  conditions. More recent measurements are  included i n  reference 9. 
Since the r e s u l t s  i n  the  present report  per ta in  t o  an approximately one-third 
s ize  model, the scale  of the  turbulence selected f o r  the fu l l - s ca l e  gust power 
spectrum, 1000 meters, was reduced by a f ac to r  of 3. Hence, the time fre- 
quency scale  f o r  the power spectrum was also increased by a fac tor  of 3. The 
r e s u l t s  w i l l  be computed f o r  a u n i t  mean squared gust veloci ty  (mps)? 
sion t o  other  mean square values can readi ly  be made since the analysis i s  

spectrum given i n  reference 7 are ( f o r  a u n i t  mean square gust veloci ty  and 
M = 3 cruise  veloci ty)  

The gust data i n  r e fe r -  
Mw 3 

Conver- 

. l i nea r .  The resu l t ing  constants f o r  the form of the longitudinal gust power 

0.0703 (mps>2 
QU = Y 

a[l + (0.378 w ) ~ ]  rad/sec 

w i n  radians/sec. 
power spectrum of a quantity i s  re la ted  t o  i t s  mean square value by the  
equation 

The power spectrum used i s  defined so t h a t  a symmetrical 

Determination of i n l e t  uns ta r t s  due t o  gust disturbances.- Transfer 
f ” t ions  are needed t o  r e l a t e  changes i n  free-stream longitudinal veloci ty  t o  
changes i n  terminal shock-wave posi t ion and t o  changes i n  the pressure s igna l  
used f o r  the closed loop system (sketch ( a ) ) .  For t h i s  l inear ized case, -a 
pressure s igna l  a t  a point close t o  the shock wave, which corresponds t o  a 
s ignal  proportional t o  the shock-wave posi t ion,  was used f o r  control.  
viously computed t r ans fe r  f’unction, determined f o r  a similar fu l l - sca le  

A pre- 

8 



axisymmetric i n l e t  operating a t  M = 3.0, was modified t o  provide an estimate 
for the  one-third scale  model used i n  the  present report .  
t r ans fe r  function was  determined through use of a method of charac te r i s t ics  
d i g i t a l  computer program developed i n  a previous port ion of the study 
described i n  reference 1. The modified t r ans fe r  function i s  

This computed 

I n  modifying the t r ans fe r  function t o  represent t h a t  f o r  t he  model, a l l  
frequency terms were increased by a fac tor  of 3 and the  gain was reduced by a 
f ac to r  of 3. While some differences i n  geometry e x i s t  between the two in l e t s ,  
the  modified t r ans fe r  function i s  f e l t  t o  be a t  l e a s t  a f i rs t  approximation t o  
the desired one. 

A t ransfer  function i s  needed t o  r e l a t e  the terminal shock-wave displace- 
ment f o r  t he  controlled system, hsc, t o  an ex terna l  disturbance; t h i s  d i s tu r -  
bance was expressed i n  the  form of a shock-wave displacement f o r  the 
uncontrolled case Axsuc. 
controlled system were determined, from the c r i t e r i o n  t o  be discussed i n  the 
following section, by means of the analog computer. 

Constants needed f o r  the t r ans fe r  function for the  

From the preceding re la t ions ,  the  power spectra for shock-wave excursions 
due t o  gust disturbances can be expressed f o r  the uncontrolled case as  

and f o r  the  controlled case 

The resu l t ing  mean square value of t he  shock-wave excursion was deter-  
mined by a numerical in tegra t ion  of the equation 

The mean square shock-wave excursion, uxs2, i s  proportional t o  the mean square 
turbulence level,  au2, selected.  

The average nuniber of i n l e t  uns ta r t s  per u n i t  t i m e  f o r  a given operating 
point expressed i n  terms of the  shock-wave posit ion,  xsop, and a selected 
turbulence level ,  uu, was obtained by a numerical in tegra t ion  of the following 
equation ( r e f .  7 ) .  

9 



N = N~ exp(-x2 / e 0 3  
where 

Although used f o r  a somewhat d i f fe ren t  purpose i n  reference 7, the equation i s  
a l so  applicable t o  the present case since it indicates  the average number of 
pos i t ive  slope crossings of a ce r t a in  level per  u n i t  t i m e  f o r  a gaussian 
d is t r ibu ted  random process. 

Controller and Actuator 

The remaining components of  the bypass cont ro l  system shown i n  f igure  1 
are  the cont ro l le r  and servo actuator .  Example numerical values t o  be used 
f o r  these components were obtained through use of bench t e s t  results reported 
i n  reference 1. The cont ro l le r  i s  a spec ia l  purpose device which receives a 
s igna l  pressure input,  divides it by a reference pressure, and compares it 
with a desired value f o r  the  pa r t i cu la r  f l i g h t  condition. 
f l i g h t  condition w i l l  be investigated,  only the  generation o f  an e r ro r  s igna l  
by the cont ro l le r  was simulated. While nonl inear i t ies  i n  the cont ro l le r  can 
be important, only second-order l inear  dynamics were used f o r  t h i s  report .  
The nominal values simulated were a na tura l  frequency of 35 Hz and a damping 
r a t i o  of  0.8 as  shown by the  following t ransfer  f i nc t ion  with a normalized 
gain. 

Since only one 

Output - 1 

Input w + ($ 
-I- 220 

The servo valve and actuator are r e l a t i v e l y  conventional hydraulic 
components as  f a r  as t h e i r  operating cha rac t e r i s t i c s  a re  concerned. While 
t h e i r  nonlinear var ia t ions should be considered f o r  a complete simulation, 
they w i l l  not be included i n  t h i s  report .  
represented by a l i nea r  second-order t e r m  and the  actuator  by a s ingle  in t e -  
grat ion.  The nominal servo-valve dynamics used were a na tura l  frequency of 
28 Hz and a damping r a t i o  of 0.7. Thus the  servo valve and actuator dynamics 
were represented by the following equation. 

The servo-valve dynamics were 

output 1 - - 
Input 

i- 176 

Note t h a t  the actuator performs as an integrat ing element so  t ha t  a s t ep  input 
t o  the servo valve r e s u l t s  i n  a steady-state constant veloci ty  of the actuator. 
While a f a i r l y  wide range of servo-valve dynamics i s  feas ib le ,  a somewhat 
conservative value was  used for t h i s  case. Some e f f e c t s  of var ia t ions i n  the  
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servo-valve and cont ro l le r  frequencies w i l l  subsequently be shown. While 
neglected f o r  t h i s  case, the  dynamics of t he  hydraulic transmission l i n e s  
sometimes need t o  be included. 

Control Signal Modifications 

Two discontinuous modifications of t he  control  s igna l  were also inves t i -  
gated. One was  an on-off cont ro l  which consisted of a d i f f e ren t  magnitude of 
the  on s igna l  f o r  the e r r o r  i n  each d i rec t ion  and a dead zone near the operat-  
ing point value. The use of t h i s  form of s igna l  would r e s u l t  i n  po ten t i a l  
s implif icat ions i n  the pressure sensor, cont ro l le r ,  and/or servo-valve. Since 
the  control  of e r ro r s  due t o  disturbances which tend t o  uns t a r t  the i n l e t  i s  
more important than the  cont ro l  of those which ac t  i n  t h e  opposite direct ion,  
the  magnitude of the  on s igna l  t o  correct  e r ro r s  due t o  an uns t a r t  tending 
disturbance was made grea te r .  The use of a su f f i c i en t ly  large s igna l  t o  cor- 
rect e r ro r s  i n  one d i rec t ion  m a k e s  it possible t o  minimize the e r ro r s  due t o  
disturbances i n  t h i s  direct ion.  A l i m i t  cycle i n  the absence of disturbances 
w a s  prevented by use of a dead zone and a su f f i c i en t ly  small correct ive s igna l  
f o r  e r ro r s  i n  the  opposite d i rec t ion .  This improvement i n  the  control  of 
e r ro r s  i n  one d i rec t ion  i s  done, of course, a t  the  expense of allowing la rger  
flow er rors  i n  the opposite direct ion.  C r i t e r i a  used t o  se lec t  the on-off 
parameters will be given i n  the  following section. The on-off s igna l  was 
simulated between the cont ro l le r  and servo as  shown i n  sketch (b ) .  

Servo volve 
and 

actuotor 
Controller 

Servo volve 
and 

octuotor 

Sketch (b) Sketch (c )  

The second discontinuous modification investigated was the addition of a 
m a x i m u m  on s igna l  i n  one direct ion only when the s igna l  e r ror  exceeded a cer-  
t a i n  value. This type of s igna l  would provide greater  control  power t o  
counteract disturbances i n  the  uns t a r t  d i rec t ion ,  but  would not a f f e c t  the 
s t a b i l i t y  near equilibrium. This nonlinearity,  a t  the  same location as  the 
previous one, i s  shown i n  sketch ( c ) .  The addition of t h i s  s igna l  would be 
pa r t i cu la r ly  usefu l  when the  gain of the s igna l  pressure decreased as  the  
i n l e t  c r i t i c a l  flow condition was approached. 

SELECTION O F  CRITERION 

The primary purpose of t he  bypass control  system i s  t o  minimize the  
m a x i m  flow e r ro r s  due t o  flow disturbances t o  the i n l e t .  This need t o  make 
the  system as impervious t o  disturbances as possible leads t o  the use o f  a 
high gain system with i t s  attendant s t a b i l i t y  problems. Hence, the  se lec t ion  
of a c r i t e r i o n  f o r  evaluating the system includes the select ion of a repre- 
sentative maxi"  disturbance t o  be controlled as w e l l  as some constraint  on 
the  t rans ien t  behavior of the system which relates t o  i t s  degree of s t a b i l i t y .  
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Moreover, a cons t ra in t  i s  needed which i s  use fu l  with nonlinear s ignals  and 
pa r t i cu la r ly  w i t h  asymmetrical nonlinear s ignals .  I n  addition, disturbances 
which tend t o  cause an i n l e t  uns t a r t  are of grea te r  concern than those i n  the  
opposite direct ion,  so t h a t  a c r i t e r i o n  f o r  which asymmetrical propert ies  can 
be deliberately selected i s  desirable. 
control  system parameters of a selected form t o  cont ro l  the  la rges t  possible 
disturbance while s t i l l  sa t i s fy ing  the requirements of the  s tabi l i ty  con- 
s t r a i n t .  Besides being used f o r  comparing the  performance f o r  the same i n l e t  
with d i f fe ren t  cont ro l  signals,  the c r i t e r i o n  can be used t o  compare the 
closed-loop performance of d i f f e ren t  i n l e t s .  

The c r i t e r i o n  can be used t o  adjust 

Representative Disturbances 

A representative disturbance shape w i l l  be selected f o r  which the cont ro l  
system parameters w i l l  be adjusted t o  reduce the  maximum flow er ror .  The 
i n l e t  i s  subject t o  both ex terna l  disturbances, such as passing shock waves 
due t o  other  supersonic a i r c r a f t  and gusts, and i n t e r n a l  disturbances due t o  
the  engine. Previous estimates of the  e f fec ts  of such disturbances on i n l e t s  
indicate  t h a t  the  disturbances of la rger  magnitude w e r e  caused by the  engine. 
Although the  frequency spectrum f o r  t he  ex terna l  disturbances tended t o  have a 
somewhat wider bandwidth, the  most c r i t i c a l  w a s  f e l t  t o  be an engine d i s tu r -  
bance. However, preliminary r e s u l t s  f o r  an ex terna l  gust  disturbance w i l l  
a lso be given. The reference engine disturbance shape selected was a decreas- 
ing corrected weight flow ramp which begins with the  flow a t  a steady-state 
condition. This d i rec t ion  of the  disturbance tends t o  uns t a r t  the i n l e t .  
Some estimated example engine flow disturbances are shown i n  f igure  4 (ref. 1). 
These disturbances represent flow changes a t  the  bypass s t a t i o n  f o r  the  uncon- 
t r o l l e d  i n l e t .  The time i n  which the full scale  disturbances occur has been 
reduced by a f ac to r  of 3 t o  be compatible with the one-third scale i n l e t  
dynamics. The maximum disturbance r a t e  occurs i n i t i a l l y  f o r  each case. Of 
the three cases shown, the  turbofan afterburner hard l i g h t  case i s  the most 
c r i t i c a l  as far a s  i n l e t  uns t a r t  i s  concerned with a max i "  d'isturbance r a t e  
of about -185 percent per second. While f o r  the complete engine-inlet system 
it may be desirable t o  modify the  engine controls  and s ignals  i n  order t o  
reduce the e f f ec t  of engine disturbances on the i n l e t ,  the  present report  will 
be concerned only with se lec t ing  the i n l e t  parameters t o  control  the selected 
form of disturbance. 

The c r i t e r i o n  selected i s  t o  determine, f o r  a given operating point, the  
maximum rate of decrease of a i r f low which can be control led without causing an 
i n l e t  uns ta r t .  A degree of s t a b i l i t y  cons t ra in t  on t rans ien t  behavior w i l l  be 
presented i n  t h e  next section. A t yp ica l  t i m e  h i s to ry  of normal shock-wave 
posi t ion f o r  a m a x i m u m  control lable  ramp disturbance s t a r t i n g  from equilibrium 

i n i t i a l  conditions i s  shown i n  sketch (d ) .  
a r e l a t ive ly  high cont ro l  system gain, the  shock 
wave posi t ion t r ans i en t  will have some overshoot, 
followed by a steady value dependent on the mag- 
nitude of the  disturbance rate since an integra-  
t i o n  i s  included i n  the  control  loop. The 
maximum e r ror ,  shown i n  sketch (a ) ,  f o r  the 
response t o  a constant ramp disturbance from 

For 
Axs _ _ _  _ _ _ _  Unslorl boundary _ _ _ _  _ _  _ _ _ _ _ _ _ -  

Operoiing point e Time 

Sketch (d)  
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S t a b i l i t y  Constraint f o r  the Continuous System 

of disturbance r a t e  and maximum amplitude 

without any l imit ing of the bypass opening. 
Controlled The v e r t i c a l  boundary represents the  uncon- 
bound,,ries t r o l l e d  case. A s  the gain i s  increased f o r  

t he  controlled case, the  control lable  
E region under the  curve i s  increased. For a 

b 
U 

2 0 "  High gain f o r  which an i n l e t  uns t a r t  would occur 
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The need f o r  a control  system t h a t  w i l l  keep flow variat ions due t o  
disturbances as s m a l l  as possible leads t o  the  use of a high gain system with 
i t s  attendant s t a b i l i t y  problems. It was  desired t o  se l ec t  a constraint  on 
s t a b i l i t y  of the motion with respect t o  the  operating point which w a s  su i tab le  
f o r  the  closed loop control  system considered. The system response has zero 
f i n a l  e r ro r  due t o  a s t e p  change i n  the command signal.  For the  l i nea r  case, 
the system i s  characterized by a pa i r  of dominant roots  due t o  the i n l e t  
bypass and actuator dynamics, bu t  which a re  influenced by the  cont ro l le r  and 
servo-valve dynamics as wel l  as the  i n l e t  dynamics. A t i m e  domain constraint  
which could be used with mdera t e  departures from l i n e a r i t y  i n  the system and 
which was sui table  f o r  computer analysis  w a s  desired 

The s tab i l i ty -cons t ra in t  selected was a bound on the  overshoot response 
of t he  system t o  an i n i t i a l  f l o w  e r r o r  without a disturbance present.  This 
bound i s  the value of the  t i m e  i n t eg ra l  of the absolute e r ro r  a f t e r  the  f i r s t  

zero crossing divided by the  in t eg ra l  before 
the  f i r s t  zero crossing. Hence, a measure of 
the  a b i l i t y  of t he  system t o  correct  t o  and 
maintain a desired value i s  obtained. The two 
in tegra ls  are shown by the  two shaded areas i n  
sketch ( f ) .  

The t rans ien t  e r r o r  quant i ty  selected f o r  

flow j u s t  forward of the bypass e x i t .  The flow a t  this s t a t ion  w a s  f e l t  t o  be 
more indicat ive of the  correct ive bypass control  applied than flow indicat ions 
a t  other s t a t ions  such as t h e  shock-wave posi t ion near the  throa t .  The i n i -  
t i a l  e r ro r  simulated, s t a r t i n g  from an i n i t i a l  steady-state flow condition, 

Sketch ( f )  

the  constraint  was  the  i n l e t  corrected weight 



w a s  a s t ep  s igna l  t o  the  cont ro l le r  t o  return the  i n l e t  flow t o  a desired 
operating point condition. The degree of s t a b i l i t y  constraint  f o r  which t h i s  
"ratio of the i n t e g r a l  of the  absolute errors" i s  used w i l l  be designated RIAE. 
This constraint  i s  seen t o  be similar t o  a maxi"  overshoot constraint .  How- 
ever, the RIAE cons t ra in t  i s  f e l t  t o  have an advantage over maximum overshoot '  
constraint  i n  t h a t  it w i l l  influence the  design of t he  system if an addi t iona l  
higher Frequency, l i g h t l y  damped o s c i l l a t i o n  i s  a l so  present i n  the  t ransient .  
Note tha t  the RIAE constraint  i s  usefu l  f o r  e i t h e r  l i n e a r  o r  nonlinear systems 
which r e s u l t  i n  zero f i n a l  e r ro r .  A modified form of the  constraint  can be 
used f o r  systems with dead zones o r  hysteresis nonl inear i t ies  by the use of  
in tegra ls  of the  e r r o r  quant i ty  outside the  hysteresis  o r  dead zone. 

For a nonlinear system, the value of the i n t e g r a l  r a t i o  w i l l  vary with 
the  magnitude of the  i n i t i a l  e r ror ,  although f o r  a l i nea r  system it i s  inde- 
pendent of t h i s  quantity.  Hence, f o r  the nonlinear cases, the value of the 
in t eg ra l  must be evaluated f o r  the range of i n i t i a l  conditions of i n t e re s t .  
On the  other hand, it w i l l  be advantageous t o  purposely vary the  desired value 
of the RIAE constraint  with i n i t i a l  e r ro r  t o  meet pa r t i cu la r  control  require-  
ments. Since requirements f o r  control  f o r  the  present case depend on the 
direct ion of the  disturbance, it i s  desirable t o  specify an asymmetrical var i -  
a t ion.  I n  order t o  obtain an increase i n  the  maximum control lable  disturbance 
ramp which tends t o  uns t a r t  t he  i n l e t ,  bu t  s t i l l  maintain the  degree of s t a -  
b i l i t y  near the operating point,  the  s t a b i l i t y  constraint  requirements were 
relaxed for i n i t i a l  e r ro r s  i n  the uns t a r t  direct ion i n  the  manner shown i n  
sketch ( g ) .  

tude of  t he  negative i n i t i a l  e r ro r  from t h a t  a t  
the  operating point flow condition t o  a maximum at  
the  i n l e t  uns t a r t  condition. For posi t ive i n i t i a l  
f l o w  errors ,  the constraint  remains constant. The 
e f f ec t  of using t h i s  form of the constraint  i s  seen 

The value of the  RIAE constraint  increases l i nea r ly  with magni- 

steady-side ' t o  be that a la rger  correct ive s igna l  can be 
applied f o r  t he  la rger  negative flow errors ,  while unstart 

W,,(O) a more s tab le  behavior f o r  e r ro r s  near the oper- 
a t ing  point and f o r  pos i t ive  f l o w  e r ro r  i s  main- 

the constraint  on the a b i l i t y  t o  control  d i s tu r -  
bances and the r e su l t i ng  desired s igna l  shape f o r  the  example i n l e t  will be 
shown-in a l a t e r  s e c t i o n . .  The range of i n i t i a l  e r ro r s  selected t o  s a t i s f y  the 
constraint  f o r  t he  increased corrected a i r  f l o w  was the same as  t h a t  f o r  the 
decreased corrected flow. For an ac tua l  case, the increased flow l i m i t  would 
be determined by i n l e t  flow d is tor t ion  and inlet-engine mismatch considera- 
t ions .  For the  r e s u l t s  which w i l l  be presented, a value of RIAE = 0.1was  
selected f o r  i n i t i a l  pos i t ive  corrected flow e r ro r s .  

Sketch (g) ta ined.  The e f f ec t  of d i f f e ren t  maximum values of 

A closed form re su l t  f o r  the  e f f ec t  o f  the constraint  can be obtained f o r  
a simplified l i nea r  case. If the control ler ,  servo valve, and i n l e t  dynamics 
are  neglected, and the  bypass dynamics are  represented by a f i rs t  order term, 
then the  order of t he  system i s  reduced t o  second order.  The damping r a t i o  of 
the  system can be expressed a s  a function of the  open loop gain and then the  
t rans ien t  response f o r  the selected i n i t i a l  condition i s  a function of the 
damping r a t i o .  An expression f o r  the  RIAE i n t eg ra l  r a t i o  constraint  can 
therefore be derived as the  following function of damping r a t io :  
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For the  selected RIAE cons t ra in t  of 0.1, the  loop gain i s  r e s t r i c t e d  t o  a 
value such t h a t  the  system damping r a t i o  >_ 0.67. 

S t a b i l i t y  Constraint  f o r  On-Off System 

The R m  cons t ra in t  previously described cannot be used when the  f i n a l  
e r ro r  f o r  a t r ans i en t  i s  d i f f e ren t  from zero. For the  on-off system described 
i n  the  System Representation section, a modification of the s t a b i l i t y  con- 
s t r a i n t  i s  needed s ince the  f i n a l  e r ro r  i s  not zero because of the  dead zone. 
Moreover, a d i f f e ren t  cons t ra in t  f o r  the s igna l  l eve l  i n  each d i rec t ion  w i l l  
be selected;  the  one t o  cor rec t  negative i n i t i a l  flow e r ro r s  would be less 
s t r ingen t .  The i n i t i a l  flow e r r o r  range w a s  se lected t o  be the same as f o r  
the  continuous case,  For the  on s igna l  which cor rec ts  pos i t ive  i n i t i a l  flow 
e r ro r s ,  the  constraint  se lec ted  was such t h a t  zero overshoot should occur f o r  
the  maximum pos i t ive  i n i t i a l  e r r o r  of i n t e r e s t  (see s o l i d  curve i n  sketch (h ) ) .  

This r e s t r i c t i o n  provides a margin f o r  
the prevention of a l i m i t  cycle with no 
disturbance present since the opposite 
dead zone boundary i s  not crossed even 
f o r  large i n i t i a l  pos i t ive  e r ro r s .  The 
s igna l  which cor rec ts  negative flow 
e r ro r s  w a s  r e s t r i c t e d  so t h a t  the r a t i o  
of the in t eg ra l s  of e r ro r s  outside the 
dead zone w a s  within a selected value, 
R m d z ,  f o r  the most negative i n i t i a l  
e r ro r  of i n t e r e s t  (see areas under 
dotted curve i n  sketch ( h ) ) .  
a selected R W d z  constraint ,  a param- 
e t e r  search w a s  made with the analog 

Thus, f o r  

- 

computer f o r  the combination of pos i t ive  and negative s igna l  leve ls  and 
symmetrical dead zone which yielded the l a rges t  ramp disturbance (tending t o  
uns t a r t  the i n l e t )  which could be control led.  

RFSULTS AND DISCUSSION 

The results,  obtained with an analog computer, w i l l  be presented as 
follows: 
i c s  and wind-tunnel t e s t  resul ts  t o  demonstrate the  adequacy of the  i n l e t  
representat ion.  
cussed RIAE s t a b i l i t y  cons t ra in t  on the  m a x i m u m  engine disturbance ra te  which 
can be control led w i l l  be  given f o r  the example i n l e t  and nominal cont ro l  sys- 
t e m  dynamics. ( e )  The optimum s igna l  pressure va r i a t ion  required t o  achieve 
the  r e s u l t s  noted i n  item (b) w i l l  be presented. 
formance, using a f ixed  RIAE s t a b i l i t y  constraint ,  w i l l  be compared f o r  sev- 
e ra l  d i f f e ren t  locat ions of the cont ro l  s igna l .  

( a )  A b r i e f  comparison w i l l  be made between calculated i n l e t  dynam- 

(b) The e f fec t  of severa l  var ia t ions  i n  the  previously d i s -  

(d) The cont ro l  system per -  

(e )  Ef fec ts  of del iberate  



cont ro l  s igna l  s implif icat ions including an on-off cont ro l  w i l l  a l so  be 
presented. 
i n l e t  and system component dynamics and of the use of lead on the a b i l i t y  t o  
control  engine disturbances w i l l  be presented. (g) Some preliminary r e s u l t s  
of the influence of s t a t i s t i c a l l y  described gusts on the  i n l e t  operation w i l l  
also be presented. 

( f )  For the  l inear ized case, some e f f e c t s  of var ia t ions i n  the  

A brief discussion of the  example i n l e t  and the  numerical values used are 
given i n  the  System Representation sect ion along with nominal values of the 
cont ro l le r  and s e r w  dynamics. 

Comparison of Simulated, I n l e t  Dynamics With Experiment 

A brief indicat ion of the adequacy of t he  form used t o  represent the  
i n l e t  response t o  a bypass flow input as described i n  the  I n l e t  Representation 
sect ion i s  shown f igure  5. The response of  s t a t i c  pressure 1 .3  cm af t  of the  
geometric t h r o a t  on the  centerbody t o  a pa r t i cu la r  sinusoidal bypass area 
amplitude i s  shown. 
i t y  f o r  the  i n l e t  representation i n  sketch (a ) .  Since the  normal shock wave 
moves past  t h i s  s t a t ion  f o r  the flow disturbance range selected,  the s t a t i c  
pressure var ies  only f o r  the portion of  time t h a t  the  shock wave i s  upstream 
of the pressure o r i f i c e .  The measured and computed wave forms have been 
centered r e l a t ive  t o  each other  i n  order t o  f a c i l i t a t e  shape comparisons. The 
phase differences as determined from peak values a re  a l so  shown. The com- 
puted r e s u l t s  give good agreement with the  measured r e s u l t s  f o r  the frequency 
range shown. It should be noted t h a t  with t h i s  form of representation, the 
computed wave forms are  symmetrical about each peak. For s ta t ions  f a r t h e r  
downstream f o r  which both posi t ive and negative peaks occur, the computed 
pos i t ive  and negative peaks are  one-half of the  exc i ta t ion  period apart  as i n  
the  l i nea r  case. 

The function, p/ph vs. wc, i s  the zero memory nonlinear- 

Ef fec t  of Variations i n  S t a b i l i t y  Constraint 

A s  discussed i n  the Selection of  Cr i te r ion  section, it i s  desirable  t o  
re lax  the degree of s t a b i l i t y  constraint  f o r  large flow e r ro r s  which tend t o  
uns t a r t  the  i n l e t  (sketch ( g ) )  so t h a t  l a rger  disturbances i n  t h i s  d i rec t ion  
can be controlled.  The e f f ec t  of  changes i n  slope of the previously discussed 
l i nea r  var ia t ion  i n  the  constraint  with i n i t i a l  flow e r r o r  and the  correspond- 
ing RIAE, i s  shown i n  f igure  6. Both the  m a x i m  disturbance which can be 
controlled and.the nonlinear s igna l  shape f o r  a given constraint  var ia t ion are 
shown ( f i g s .  6(a) and 6(b) ) .  The i n l e t  l i nea r  dynamics f o r  a pressure sensor 
near the  shock-wave posi t ion (T = 0.006 sec) were used. The only nonl inear i ty  
selected w a s  the  var ia t ion  i n  pressure s igna l  with i n l e t  flow condition. 

Since the  s t a b i l i t y  constraint  var ies  with i n i t i a l  flow e r ro r s  i n  only 
one direct ion,  the  corresponding s igna l  nonl inear i ty  occurs e s sen t i a l ly  i n  
only one direct ion ( f i g .  6 ( b ) ) .  
small negative i n i t i a l  e r ro r s  than it i s  f o r  the la rger  negative ones. 
the  desired s igna l  shape was obtained on the computer by determining the  
values f o r  small i n i t i a l  negative flow e r ro r s  and then increasing the i n i t i a l  

The constraint  i s  more s t r ingent  f o r  t he  
Hence, 
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e r ro r  range u n t i l  the  s igna l  f o r  the e n t i r e  flow range o f  i n t e r e s t  was 
obtained. 
s ignal .  
would r e s u l t  i n  an i n l e t  uns t a r t .  For the  selected fo rm of constraint  varia- 
t i o n  and a given s e t  of system dynamics, the resu l t ing  s igna l  shape f o r  the 
deviation from l i n e a r i t y  was the same f o r  the d i f fe ren t  values of RIAEm. 
Hence, once t h i s  curve shape i s  determined, only the  maximum values of the 
s igna l  need t o  be given as  shown i n  f igure  6 ( a ) .  

f igure  6(a)  f o r  RIAE, = 1 .5 .  
shape i s  independent of RIAE,, the  maximum s igna l  can be expressed as  the 
function of RIAEm shown i n  f igure  6 (a ) .  
r e s u l t s  with a simpler square power shape was a l s o  investigated f o r  the range 
of R1-m of i n t e r e s t .  A s  indicated by the c i rc led  point on f igure  6(a)  f o r  
the m a x i m  value of RIAEm, the  performance i s  not very sens i t ive  f o r  the  
example i n l e t  t o  the difference between the xla7 '  and x2 power curves. The 
addition of a cubic term was a l so  investigated but  the e f f e c t  was too small 
t o  be shown on the f igu re .  The e f f e c t s  of moderate var ia t ions i n  dynamics 
( f o r  a f ixed RIAE,) on the desired curve shape were a l so  investigated.  To a 
f i r s t  approximation, these differences could be accounted for primarily by a 
change i n  the  m a x i m  s igna l  with the same s igna l  shape ra ther  than changes i n  
the  e n t i r e  s igna l  shape. 

The nonlinear curve i n  f igure  6(b) i s  shown r e l a t i v e  t o  a l inear  
This s igna l  has been normalized such tha t  a u n i t  steady-state value 

For the  example dynamics, an 
power curve matched the  desired curve shape qui te  w e l l  and i s  shown in  xl. 75 

Furthermore, it follows t h a t  since the curve 

A determination of the desired 

An improvement i n  the a b i l i t y  t o  control  disturbances over the l inear  
case (RIAEm = 0.1) i s  seen t o  occur as  the RIAE, constraint  i s  relaxed. 
ever, a point of diminishing returns  i s  reached f o r  the la rger  values of 

How- 

RIAEm - 
Some typ ica l  t i m e  h i s to r i e s  are  shown i n  f igure  6 ( c ) .  The resu l tan t  

asymmetry i n  the nonlinear response i s  apparent from the  t w o  i n i t i a l  condition 
cases. While the  response t o  the  ramp disturbance becomes ra ther  osc i l la tory ,  
only the i n i t i a l  portions of the time h i s to r i e s  up t o  the  time tha t  the f i r s t  
peaks occur are  of i n t e r e s t .  

A s  was previously discussed, the RIAE constraint  used i s  s imilar  t o  a 
maximum overshoot constraint  but  i s  u s e f i l  f o r  a wider c l a s s  of systems. This 
improvement occurs because the  RIAE integrat ion allows an averaging e f f ec t  and 
also i s  sens i t ive  t o  any l i g h t l y  damped higher frequency motions. The two 
constraints  were compared b r i e f l y  t o  determine the  difference i n  optimum s ig-  
n a l  shape f o r  a l i nea r  var ia t ion  i n  the constraint  with i n i t i a l  e r ro r .  The 
bes t  s igna l  shape f o r  the maximum overshoot constraint  w a s  found t o  vary near 
x l a S  power as contrasted f o r  the RIAE var ia t ion  of x1*75 power f o r  the  same 
system dynamics. For a selected maximum signal,  the e f f e c t  of t h i s  difference 
i n  s igna l  shape on the maximum control lable  ramp disturbance i s  very s m a l l  f o r  
the example case. 

To indicate  the a b i l i t y  of the  system t o  cont ro l  a disturbance d i f fe ren t  
from t h a t  used i n  the design, the  e f f e c t  of a sinusoidal engine flow d i s tu r -  
bance i s  shown i n  f igure  7.  Two l i nea r  cases are shown f o r  which the RIAE 
constraint  i s  constant f o r  the  range of i n i t i a l  conditions. The RIAE = 0.1 
value i s  selected t o  give good damping properties,  while the  RulE = 1.5  value 
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i s  an example i n  which the  s t a b i l i t y  cons t ra in t  i s  relaxed so t h a t  the gain 
can be increased t o  reduce e r ro r s  due t o  low frequency disturbances. The 
Optimum nonlinear case i s  the  same as t h a t  shown i n  the  previous figure with 
RIAE, = 1 . 5 .  For t h i s  case, t h e  amplitude of the disturbance input f o r  most 
of the  frequency range w a s  t h a t  which would j u s t  cause the  i n l e t  t o  u n s t a r t  
f o r  the  uncontrolled case. I n  the  frequency range f o r  which the  negative 
e r r o r  f o r  the  control led case exceeded the uncontrolled one, the disturbance 
amplitude was reduced so t h a t  the  i n l e t  f low would just  reach the  uns t a r t  
condition. Both negative and pos i t ive  maxi" deviations f o r  t he  same input 
amplitude are  shown. 

The comparison from f igure  7 shows t h a t ,  f o r  the  l i n e a r  case, t h e  use of 
the  RIAE = 0 . 1  cons t ra in t  causes only a moderate amount of overshoot i n  the  
higher frequency range. The change t o  R U E  = 1.5 cons t ra in t  permits an 
increased gain.  While t h i s  change allows an improvement i n  the  response a t  
t h e  lower frequencies, t h e  response i s  worse a t  t he  higher frequencies near 
the na tu ra l  frequency of the  closed-loop system and i s  a consequence of the 
underdamped system. 
mum negative e r r o r )  are seen t o  be less  f o r  nonlinear RIAEm = 1 . 5  than f o r  
l i n e a r  R I M  = 0 . 1  f o r  the  e n t i r e  frequency range shown. This improvement 
occurs a t  the expense of grea te r  f low e r r o r s  i n  the  opposite d i rec t ion ,  f o r  
which the  i n l e t  flow requirements a re  more t o l e r a n t .  The response f o r  the  
nonlinear case i s  seen t o  be improved even a t  the  higher frequencies.  This 
improvement i s  a consequence of the  combination of t he  asymmetrical nonlinear- 
i t y  and the actuator  which i s  represented as an in tegra t ing  element. For a 
per iodic  flow condition t o  occur, the average s igna l  f o r  the  port ion of the  
loop from the nonl inear i ty  t o  the in tegra t ing  element (from output of t he  
i n l e t  t o  input of the  actuator)  must be zero. The port ion of the loop from 
the  in tegra t ion  t o  the  nonlinearity,  which includes the corrected a i r f low 
quant i ty  (sketch (a )  ), w i l l  have a s teady-state  component as w e l l  as a p e r i -  
odic one. The s ign of t h i s  s teady-state  component depends upon the d i rec t ion  
of the asymmetry of the  nonl inear i ty .  

The flow e r ro r s  i n  the d i rec t ion  of i n l e t  u n s t a r t  (maxi- 

Ef fec t  of Example Control Signals  on Performance 

I n  t h i s  sect ion,  the e f f e c t  on bypass cont ro l  system performance of 
severa l  d i f f e ren t  s t a t i c  pressure cont ro l  s igna ls  obtained from measured wind- 
tunnel r e s u l t s  w i l l  be  examined. The effects  of these s igna ls  w i l l  be com- 
pared by means of the previously described c r i t e r i o n  of the  maximum 
control lable  engine disturbance r a t e  subject  t o  the  s t a b i l i t y  cons t ra in t .  

A centerbody s ta t ic -pressure  s igna l  near the  normal shock wave i s  
evaluated i n  figure 8.  
rec ted  flow i s  shown i n  f igure  8 ( b ) ,  
a re  la rge ly  associated with changes i n  shock-wave locat ion.  Near the c r i t i c a l  
flow condition, the s igna l  has a r e l a t i v e l y  low gain, bu t  as we increases 
and the shock wave moves f a r t h e r  a f t  toward the  s igna l  location, the  s igna l  
gain increases u n t i l  the  s igna l  l i m i t s .  The l imi t ing  indicates  t h a t  the shock 
wave i s  downstream of the s igna l  locat ion.  While t h i s  general  behavior usu- 
a l l y  occurs near the  normal shock wave, o ther  cases can be considerably d i f f e r -  
ent ,  of course, because of f ac to r s  such as proximity t o  a boundary-layer bleed 

The steady-state va r i a t ion  of the s igna l  with cor-  
The indicated var ia t ions  i n  s igna l  gain 

18 



and the pa r t i cu la r  shock-wave pat tern.  Note tha t  t h i s  var ia t ion i n  magnitude 
of s igna l  gain with i n l e t  a i r f low i s  the opposite from the desired var ia t ion  
shown i n  f igure 6 (b ) .  

The consequence of t h i s  var ia t ion in  s igna l  gain on the  a b i l i t y  t o  
control  a ramp disturbance i s  shown i n  f igure  8 f o r  a range of operating 
points  expressed as  the corrected weight flow parameter. The corresponding 
e f f ec t s  of operating point changes on pressure recovery and bleed flow can be 
obtained from f igure  3. 
indicated i n  f igure  8(a) . 
ure 8 ( a ) ,  the loop gain was adjusted f o r  each operating point t o  the m a x i m u m  
value f o r  which the s t a b i l i t y  constraint  was s t i l l  s a t i s f i ed .  The optimum 
s igna l  curve i s  t h a t  which would be obtained i f  the same s igna l  shape shown i n  
f igure  6 were used r e l a t ive  t o  each operating point.  While the same nonlinear 
var ia t ion  with d i f f e ren t  operating points  could not ac tua l ly  be achieved, of 
course, the  curve i s  usefu l  as  a reference. Thus, t he  maximum control lable  
negative disturbance f o r  the  optimum s igna l  has a l i nea r  var ia t ion with 
operating point as does the l i nea r  s ignal .  

The par t icu lar  RIAE constraint  var ia t ion  used i s  
I n  obtaining the  example s igna l  curve i n  f i g -  

The performance resu l t ing  f r o m  the example s igna l  i s  seen t o  be consider- 
ably reduced from the  l i nea r  and optimum signals  a t  the larger  corrected flow 
operating points.  This reduction i s  a consequence of adjusting the loop gain 
t o  meet the s t a b i l i t y  requirements f o r  flow e r ro r s  greater  than the  operating 
point value and f o r  which the  s igna l  gain i s  r e l a t ive ly  high. For f l o w  e r ro r s  
l e s s  than the operating point value, the  s igna l  gain and, hence, the effect ive-  
ness of the control  a re  reduced. Furthermore, since the use of the la rger  
a i r f low operating points  i s  accompanied by a reduction i n  steady-state pres-  
sure recovery, it i s  desirable,  of  course, t o  minimize t h i s  trend. Note t h a t  
relaxing the RIAE constraint  f o r  a decreased airf low i n i t i a l  condition does 
not improve performance f o r  t h i s  form of s igna l  i n  which the magnitude of the  
s igna l  gain increases with i n l e t  a i r f low because the  loop gain parameter i s  
determined by the increased airf low i n i t i a l  conditions. 

A comparison of the calculated control lable  disturbance r a t e s  f o r  the 
example s igna l  ( f i g .  8)  with the estimated engine disturbances ( f i g .  4) i s  of 
i n t e re s t .  
disturbance r a t e  i s  too large t o  be controlled without i n l e t  uns t a r t  f o r  the 
example s igna l  and s t a b i l i t y  constraint  selected.  Even f o r  the l inear  or 
optimum curves, the operating point value of  a i r f low would have t o  be so large 
t h a t  the  loss i n  steady-state pressure recovery would be s igni f icant  ( f i g .  3 ) .  
On the  other  hand, it i s  seen t h a t  the t h r o t t l e  advance disturbance (with an 
i n i t i a l  r a t e  of about -40 percent/sec) can be controlled through use of the 
example pressure s igna l  f o r  an operating point with only a moderate loss i n  
pressure recovery. 

The afterburner hard l i gh t  with the  -185 percent per second maximum 

A s  was previously mentioned, the response of the  cont ro l  systems of 
i n t e r e s t  i s  su f f i c i en t ly  f a s t  t h a t  the m a x i m u m  disturbance e r ro r  generally 
occurs before the  m a x i m  value of the disturbance occurs. For instance, f o r  
the  disturbances shown i n  f igure  4, t he  maximum values i n  the negative direc-  
t i o n  occur i n  about 0.125 second while the t rans ien t  response e r ro r s  f o r  the 
optimum and l inea r  s ignals  reach a maximum i n  l e s s  than t h i s  in te rva l .  How- 
ever, f o r  the example s ignal ,  the  t rans ien t  response t o  a negative rmp 



disturbance decreases as  the operating point i s  increased since the  e f fec t ive  
gain as the c r i t i c a l  flow condition i s  approached i s  decreased ( f i g .  8 ( c ) ) .  
r i s e  time t o  90 percent of the  f i n a l  flow e r r o r  of 0.125 second f o r  the maxi- 
m ~ u l l  ramp disturbance occurs f o r  
points  appreciably grea te r  than t h i s  value, t he  bypass control  becomes l e s s  
e f fec t ive  f o r  t h i s  m a x i m  disturbance frequency range of i n t e re s t  which i s  
determined from the peak value i n  0.125 second. Thus, t he  maxi"  disturbance 
amplitude f o r  the  uncontrolled case (as determined by the operating point)  
would become a more dominant parameter i n  determining the  con t ro l l ab i l i t y  of 
. the  disturbance. 

A 

wcop = 5.1 percent. Hence, f o r  operating 

The response i n  the negative flow e r ro r  d i rec t ion  of the closed-loop 
system with the example pressure s igna l  t o  a s inusoidal  engine disturbance i s  
shown i n  f igure 9. Disturbance amplitudes were selected i n  the  same man- 
ner as  those f o r  the  r e s u l t s  shown i n  f igure 7 .  A su f f i c i en t ly  large operat-  
i n g  p o i n t  (wc = 7.5 percent) w a s  se lected so t h a t  nonlinear s igna l  e f f ec t s  
could be i l l u s t r a t e d .  The so l id  curve represents the  case with the control  
gain adjusted f o r  the R q  = 1 .5  constraint  and the selected operating point.  
The dotted curve ind ica tes  the e f f ec t s  of an increased control  system gain. 
This increased gain is approximately the same as  the  increase i n  open-loop 
gain, f o r  the portion of the control  loop excluding the pressure signal,  which 
was determined f o r  the system with only s l i g h t l y  supe rc r i t i ca l  flow conditions. 
For these conditions the  pressure s igna l  gain w a s  a t  i t s  lowest value. 

OP 

The comparison of the  two curves i s  qua l i t a t ive ly  similar t o  t ha t  
expected f o r  the gain var ia t ion  f o r  a l i nea r  s ignal .  With the  lower gain, 
the control  i s  not as  e f fec t ive  a t  the  low frequencies, bu t  no severe over- 
shoot problem i s  encountered a t  the higher frequencies. The high gain case 
does indicate  considerable overshoot which i s  cha rac t e r i s t i c  of a l i g h t l y  
damped system. Note t h a t  even i n  the  highest  frequency range shown, the flow 
e r ro r  f o r  the  controlled case i s  somewhat higher than t h a t  of the (uni ty)  
uncontrolled case. Again t h i s  difference i s  a consequence of the asymmetrical 
pressure s igna l  as  was noted f o r  the  optimum s igna l  case shown i n  f igure  7. 
For the  example signal,  the  magnitude of  the gain var ia t ion  with air f low 
( f i g .  8 ( b ) )  i s  i n  the opposite direct ion from tha t  of t he  optimum s igna l  
( f i g .  6 ( b ) ) .  Hence, the  difference between the  control led m a x i m  negative 
e r rors  and uncontrolled e r ro r s  a t  the higher frequencies i s  of opposite sign 
f o r  the two cases ( f i g s .  9 and 7 ) .  

One way t o  improve the  response of a system with poor s igna l  character-  
i s t i c s ,  such as  t h a t  f o r  the larger  operating point values shown i n  f igure  8, 
would be t o  add a second pressure source so t h a t  the  s m e d  s igna l  would have 
the desired var ia t ion.  A s implif icat ion of t h i s  approach i s  of i n t e re s t  i n  
which a maximum "on" s igna l  i s  sent  t o  the  servo-valve when a cer ta in  thresh- 
o ld  pressure i s  exceeded due t o  a disturbance which tends t o  uns ta r t  the 
i n l e t .  This threshold pressure s igna l  could be obtained from e i the r  the  same 
pressure source or a second one intended t o  give b e t t e r  accuracy near the  on- 
s ignal  threshold. For t he  case shown, the  dynamics f o r  the on-signal are the 
same as those f o r  the  example s igna l .  The magnitude and threshold of +,his 
semi-on-off s igna l  w e r e  selected f o r  each operating point by means of the  
previously used RIAE constraint  var ia t ion indicated i n  f igure  8(a).  Further 
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d e t a i l s  concerning the  simulation of the  s igna l  were given i n  the System 
Representation section.,  The addition of the semi-on-off s igna l  i s  seen t o  

only ( f i g .  8 ) .  While performance could equal the optimum s igna l  curve if a 
par t icu lar  nonlinear function of the  s igna l  were generated by the  cont ro l le r  
( f o r  flow conditions l e s s  than s igna l  sa tura t ion) ,  the  improvement from the  
semi-on-off case would not be s ign i f icant  f o r  t h i s  example. 

r e s u l t  i n  a considerable improvement 1 i n  performance over the example s igna l  

The performance with a centerbody s igna17.6  cm aft  of t he  throa t  i s  
shown i n  f igure  10. The RIAE var ia t ion  was the same as i n  the  previous case. 
A moderate improvement i n  performance from the previous case ( f i g .  8) i s  seen 
t o  occur f o r  the la rger  operating point locations.  This improvement r e s u l t s  
from the smaller undesirable increase i n  s igna l  gain with increased airf low 
since the  difference i n  i n l e t  dynamics between the two s t a t ions  i s  negl igible  
(T  = 0.006 sec f o r  both cases) .  

The performance with shock-wave posi t ion as  a control  s igna l  i s  shown i n  
f igure  11. Using t h i s  s igna l  r e s u l t s  i n  good performance since it varies 
between the l inear  and optimum curves f o r  the operating point range shown. 
The reason can be seen f r o m  the comparison of the  steady-state shock posi t ion 
var ia t ion with the  desired steady-state s igna l  cha rac t e r i s t i c  ( f ig .  6 (b ) ) .  
The departure from l i n e a r i t y  f o r  both curves i s  seen t o  be i n  the  same direc-  
t i on .  While the use of shock-wave posi t ion a s  a control  s igna l  i s  desirable 
from a performance standpoint, p r a c t i c a l  d i f f i c u l t i e s  e x i s t  i n  i t s  implementa- 
t ion.  Multiple pressure locat ions and a means f o r  summing them which i s  
sui table  f o r  d i f fe ren t  f l i g h t  conditions must be provided. 

The e f f ec t  of  a control  s igna l  a t  an a f t  centerbody posi t ion i n  the i n l e t  
near the  bypass opening i s  indicated i n  f igure  12. The performance i s  seen t o  
be f a i r l y  close t o  t h a t  of the l i nea r  case since the departure of  the steady- 
s t a t e  s igna l  f rom l i n e a r i t y  i s  less than tha t  f o r  the previous cases shown. 
I n  addition, the l i n e a r  and optimum s igna l  performances are  improved f rom 
those shown previously since the time delay between the airflow near the 
bypass and pressure s igna l  location no longer ex i s t s .  However, the  s igna l  
gain i s  seen t o  be r e l a t ive ly  small so tha t  the  t o t a l  change i n  s t a t i c  pres- 
sure over the range shown i s  qui te  small. Moreover, the  generated operating 
point s igna l  must be qui te  accurate and t h i s  accuracy must be obtained f o r  the 
required range of f l i g h t  conditions. Hence, while t h i s  s igna l  i s  a t t r ac t ive  
f r o m  the  standpoint of control  of  engine disturbances, serious p rac t i ca l  
d i f f i c u l t i e s ,  caused by the  small s igna l  var ia t ion,  hinder i t s  e f fec t ive  use. 

Performance With On-Off Control 

The performance f o r  an example asymmetrical on-off system with the  
dynamics f o r  a pressure s igna l  near the shock wave and with the  previously 
used cont ro l le r  and servo-valve dynamics i s  shown i n  f igure  13. The dead zone 
i s  included so t h a t  a l i m i t  cycle will not occur i n  the  absence of d i s tu r -  
bances. The previously discussed RIAE constraint  cannot be used f o r  t h i s  case 
because the  dead zone prevents the  f i n a l  e r ro r  from approaching zero. Hence, 
each s igna l  magnitude and the dead zone were selected on the bas i s  of modified 
s t a b i l i t y  constraints  as described i n  the  Selection of Cri ter ion section. 
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The maximum disturbance tha t  can be controlled without i n l e t  uns t a r t  i s  
shown i n  f igure  l 3 (a ) ,  while the on-signal leve ls  and dead zone var ia t ions are  
shown i n  f igure  l3(b)  as functions of  the modified s t a b i l i t y  constraint .  The 
"on" s ignals  a re  shown r e l a t i v e  t o  the  previously used normalized l i nea r  s i g -  
nal .  For t h a t  case, the  corrective s igna l  was  normalized so t h a t  a value of 
-1 w a s  applied when the  airf low er ror  was a t  the steady-state uns t a r t  value. 
The a b i l i t y  t o  cont ro l  disturbances which tend t o  uns t a r t  the i n l e t  i s  some- 
what improved from tha t  obtained from the continuous s igna l  ( f i g .  6 ( a ) ) .  
However, the two cases are  not s t r i c t l y  comparable because of the differences 
i n  s t a b i l i t y  constraint  used. 

To indicate  the response o f  the on-off system t o  a disturbance which i s  
d i f fe ren t  from the  one used i n  the design c r i t e r ion ,  the response of the sys- 
tem t o  a sinusoidal engine disturbance i s  shown in  f igure  14. For the f r e -  
quency range shown, the  magnitude of the input disturbance was selected so 
t h a t  an i n l e t  uns t a r t  would occur f o r  the  uncontrolled case. Hence f o r  the  
maximum negative curve, a u n i t  value of (we /w 
Both the maximum negative and posi t ive air f low e r ro r s  are  shown. While the  
e f f ec t s  of the  asymmetrical s ignals  r e s u l t  i n  a s igni f icant  difference i n  the 
two e r r o r  curves, the performance i s  f e l t  t o  be good since flow e r ro r s  i n  the 
more important negative direct ion are reduced f o r  the e n t i r e  frequency range 
shown. The f a c t  t h a t  the  curves do not  approach un i ty  a t  the high frequencies 
i s  a s imilar  occurrence t o  t ha t  observed f o r  the previous asymmetrical non- 
l i n e a r i t i e s .  A s  previously mentioned, t h i s  behavior i s  a consequence of the 
requirement t h a t  f o r  periodic motions, the  output from the nonl inear i ty  (and 
resu l t ing  input t o  the integrat ing element) not contain a steady-state 
compo ne n t  . 

) would indicate  i n l e t  uns ta r t .  e Cd 

Effec ts  of  Variations i n  Linear Dynamics 

While the emphasis of t h i s  report  has been on the  influence of  some of  
the i n l e t  pressure s igna l  nonl inear i t ies  on the bypass control  system ef fec-  
t iveness,  it i s  also of i n t e r e s t  t o  vary the  l i nea r  dynamics o f  the components 
r e l a t ive  t o  the i n l e t  t o  give an indicat ion o f  these e f f ec t s .  While they can, 
of course, be analyzed by means of es tabl ished l i nea r  control  theory, it i s  
desirable t o  invest igate  them here by means of the previously used RIAE 
s t a b i l i t y  constraint .  

Effects  of  varying the  servo and cont ro l le r  frequencies (damping r a t i o  
remains constant) as wel l  as  the i n l e t  dynamics time delay are  shown i n  f i g -  
ure 15. The bas ic  values used are the  nominal ones given i n  the System Repre- 
sentation sect ion except f o r  the pa r t i cu la r  parameter which i s  varied. The 
steady - s t a t  e r e  l a t  ion b e twe e n normal s ho c k -wave d i sp l ac  ement and the cor r e  c t e d 
f l o w  change was l inear ized f o r  the region near the i n l e t  uns t a r t  condition 
( f i g .  3 ) .  Since the cont ro l le r  nominal na tura l  frequency i s  only s l i g h t l y  
higher than t h a t  of  the servo, the e f f ec t s  of t he i r ' va r i a t ion  i n  terms of f r e -  
quency r a t i o  are  e s sen t i a l ly  the same f o r  the frequen'cy range shown. However, 
f o r  (Wn/wnref) +a, the maximum control lable  ramp f o r  the  cont ro l le r  i s  2 per- 

the m a x i m  control lable  ramp i s  increased by 80 percent f rom the nominal case. 
cent l e s s  than t h a t  with the servo. For both cont ro l le r  and servo wn + a  , 
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The e f f ec t s  of time delay var ia t ions are a l so  shown i n  figure 15. For 
t h i s  l i nea r  case, a time delay can occur e i the r  i n  the  i n l e t ,  control ler ,  or a 
cornbination of the two and have the  same e f f ec t  on performance. For t h i s  
example, a reduction of t he  i n l e t  t i m e  delay t o  zero represents the  use o f  a 
control  s igna l  near the  bypass e x i t .  Hence, the  e f f e c t  of moving the control  
s igna l  longi tudinal ly  from a s t a t i o n  near the normal shock wave t o  the bypass 
s t a t ion  i s  indicated by t h i s  reduction. The reduction i n  t i m e  delay i s  seen 
t o  allow only a moderate increase i n  performance f o r  the  selected value of the 
s t a b i l i t y  constraint  since the  e f f e c t s  of  the  dynamics i n  the  remaining 
portions of the control  loop are  s t i l l  present.  

A procedure expected t o  improve performance f o r  given i n l e t  dynamics i s  
the  addition of a lead network t o  compensate f o r  the  i n l e t  and bypass dynamics 
together with a f a s t e r  response capabi l i ty  f o r  the s e r w  and control ler .  The 
e f f ec t  of modifying the cont ro l le r  s igna l  with a f irst  order lead network with 
a 5 : l  r a t i o  of  numerator t o  demoninator t i m e  constants i s  also shown i n  f i g -  
ure 15. Nominal values of the system parameters were used. It i s  of  i n t e r e s t  
t o  note tha t  the numerator term of the lead network (0.019 sec) i s  somewhat 
greater  than t h a t  which would cancel the i n l e t  bypass time constant. A s ig -  
n i f ican t  improvement i n  performance i s  seen when the lead network i s  added. 
However, i n  order t o  assess whether t h i s  advantage could be obtained f o r  an 
ac tua l  case, some de ta i led  knowledge of the noise charac te r i s t ics  of the s ig -  
n a l  pressure would be required. This addi t ional  information would then allow 
a more complete determination of f i l t e r i n g  requirements. Adding the lead 
would, of course, a lso o f f e r  po ten t i a l  improvement f o r  the  previously d i s -  
cussed on-off case as  wel l  as f o r  the  previously discussed nonlinear s ignals .  

Effect  o f  Example Gust Disturbance 

Although not intended t o  be used f o r  select ing control  system parameters, 
the controlled i n l e t  response t o  an external  disturbance w a s  a l so  investigated 
f o r  the l inear  case. It may be noted tha t  higher performance in the  control  
of external  disturbances may poten t ia l ly  be obtained with a more forward con- 
t r o l  of the i n l e t  flow, such as a throat  area control,  and with a forward con- 
t r o l  s ignal  locat ion.  However, as previously mentioned, using only a s ingle  
high performance control  system ( the  bypass control)  i s  desirable  i f  the 
resu l t ing  performance f o r  expected external  disturbances i s  a t  l e a s t  adequate. 
The constants for the  previously described nominal l i nea r  bypass control  sys- 
tem, with the  control  s igna l  located s l i g h t l y  a f t  of the i n l e t  th roa t ,  were 
used. The t ransfer  function for the  response of t h i s  controlled system i n  
terms of shock-wave displacement due t o  an external  disturbance expressed a s  
a shock-wave displacement was  determined. The ex terna l  disturbance used was  a 
s t a t i s t i c a l l y  described longi tudinal  gust which w a s  assumed t o  be only a 
veloci ty  disturbance. The constants representing the  gust power spectrum and 
the t r ans fe r  function r e l a t ing  a longi tudinal  veloci ty  disturbance t o  the  
i n l e t  shock-wave pos i t ion  were given in  the  System Representation section. 
The fu l l - sca le  gust frequencies were increased by a f ac to r  of 3 t o  be com- 
pa t ib le  with the  dynamics of the  one-third scale  model. The resu l t ing  power 
spectra  of shock-wave pos i t ion  with and without the  control  system are  shown 
i n  f igure  16. Shock-wave posi t ion i s  used as  the  output parameter t o  indicate  
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the  tendency toward inlet  uns t a r t  due t o  the  disturbance. The resul ts  
indicate  the  response of the  shock-wave pos i t ion  of t he  one-third scale  model 
t o  atmospheric gusts with an r m s  magnitude of 1 mps. The resu l t ing  rms shock- 
wave excursion of the  model w i l l  be  proportional t o  an estimate of t he  r m s  
gust  magnitude. 

An examination of f igure  16 indicates  a moderate improvement i n  r m s  
shock-wave excursion f o r  the control led case over the  uncontrolled case. 
While the  response f o r  the  low frequency range i s  improved, the disturbance t o  
the  i n l e t  s t i l l  has s ign i f icant  power f o r  a frequency range above t h a t  f o r  
which the control  system i s  ef fec t ive .  A s  w a s  mentioned f o r  the  engine d i s -  
turbance case, s igna l  lead and higher frequency system components would 
improve the control  system response a t  t he  higher frequencies. However, pos- 
s i b l e  e f f e c t s  of s igna l  noise would need t o  be invest igated i n  order t o  obtain 
r e a l i s t i c  performance estimates.  

A n  estimate of the tendency toward i n l e t ' u n s t a r t  f o r  a selected i n l e t  
operating point flow condition and f o r  an estimated r m s  gust  veloci ty  can be 
obtained as w a s  described i n  the  System Representation section. While pres-  
en t  measured gust data  f o r  the high cruise  a l t i t u d e s  of i n t e r e s t  are ra ther  
l imited,  some preliminary r e s u l t s  have been reported (ref.  9 ) .  A s  a numerical 
example, a f a i r l y  high r m s  turbulence level f o r  a supersonic t ransport  cruise  
a l t i t u d e  of  3.05 mps w a s  selected.  The resu l t ing  r m s  shock-wave var ia t ions of  
0.43 em f o r  t he  controlled case and 0.49 em f o r  the uncontrolled case are  
obtained from f igure  16. A representative operating point t o  allow a margin 
f o r  control  of i n t e rna l  disturbances was  selected t o  be 2.3 em (1.65 percent 
supe rc r i t i ca l  a i r f low).  This value i s  seen t o  be r e l a t i v e l y  large i n  compari- 
son t o  the  calculated r m s  shock-wave excursions. The corresponding average 
uns t a r t s  per hour, N, were calculated from the values of given i n  f i g -  
ure 16 and the  equation i n  the External Disturbance section. The resu l t ing  
values are 0.087 uns t a r t s  per hour f o r  the  control led case and 2 . 1 u n s t a r t s  
per hour f o r  the  uncontrolled case f o r  the assumed high r m s  l eve l  of  turbu- 
lence of 3.05 mps. Note tha t  these uns t a r t  r a t e s  a re  i n  terms of model dynam- 
i c s ,  so t h a t  f o r  a fu l l - sca l e  i n l e t ,  they would be reduced by a f ac to r  of 
3. The control  i s  seen t o  be effect ive i n  terms of the uns t a r t  frequency 
parameter. 
s m a l l  f o r  both cases f o r  the turbulence l e v e l  and i n l e t  flow operating point 
assumed. However, as previously mentioned, values used f o r  the  t ransfer  func- 
t i o n  between the  atmospheric gust and shock-wave excursion and estimates of 
the  gust s t ructure  were ra ther  preliminary, and, hence, fur ther  work i s  needed 
t o  assess the  importance of atmospheric gust disturbances on i n l e t  operation. 

No 

For t h i s  example, the i n l e t  uns t a r t  frequency i s  seen t o  be qui te  

CONCLUDING REMARKS 

Some of the closed-loop control  aspects of an i n l e t  bypass system have 
been investigated.  
t i c u l a r  i n l e t ,  parameters and a performance c r i t e r i o n  were selected which 
should f a c i l i t a t e  comparisons of bypass control  performance with other  i n l e t s .  

While the computed r e s u l t s  were presented only f o r  a par- 
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The c r i t e r i o n  consisted of the  m a x i "  engine disturbance rate which 
could be controlled subject t o  a time domain s t a b i l i t y  constraint .  The con- 
s t r a in t  was  relaxed f o r  i n i t i a l  e r ro r s  i n  the  decreased airflow d i rec t ion  f o r  
which the  i n l e t  tends t o  uns ta r t .  The change improved the a b i l i t y  t o  cor rec t  
the la rger  e r ro r s  i n  t h i s  direct ion while maintaining the desired s t a b i l i t y  
near the operating point .  For given i n l e t  and control  system component dynam- 
ics ,  the desired nonlinear s igna l  var ia t ion  t o  achieve t h i s  r e s u l t  w a s  
obtained. T h i s  s igna l  shape w a s  c losely approximated by a parabolic var ia t ion  
i n  the  decreased airf low d i rec t ion  and a l i nea r  var ia t ion i n  the opposite 
direct ion and can be used as an a id  i n  se lec t ing  available pressure s ignals .  
The e f f ec t s  on control-system performance of measured nonlinear s igna l  charac- 
t e r i s t i c s  a t  several  locations were evaluated. Although from the  performance 
standpoint, control  w a s  most e f fec t ive  with a pressure s igna l  located near the 
bypass opening, performance with the  more forward locations was a l so  of i n t e r -  
est because of the higher pressure-signal gain avai lable .  The difference i n  
l i nea r  dynamics when the  s igna l  w a s  located forward of ra ther  than near the  
bypass opening tended t o  degrade the  performance. However, an even more 
adverse e f f ec t  w a s  due t o  the more nonlinear var ia t ions  f o r  the more forward 
locations.  One means f o r  avoiding t h i s  adverse e f f e c t  would be t o  add an 
addi t ional  pressure s igna l  so tha t  the  summed s igna l  would have an acceptable 
var ia t ion.  A simplified form of t h i s  addition w a s  investigated, i n  which only 
an on-off s igna l  w a s  added, and shown t o  give sa t i s f ac to ry  r e su l t s .  

The performance of a system with an asymmetrical on-off control  w a s  
determined. This system w a s  shown t o  be as good as the  nonlinear continuous- 
control  system f o r  disturbances t h a t  tended t o  uns t a r t  the  i n l e t ,  although 
somewhat grea te r  e r ro r s  would occur as a r e s u l t  of disturbances i n  the  oppo- 
s i t e  direct ion.  This form of control  would o f f e r  po ten t i a l  s implif icat ions i n  
the  sensing and computing elements of the system. 

Ames Research Center 
National Aeronautics and Space Adminstration 

Moffett Field,  Cal i f . ,  94035, March 20, 1967 
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